In this paper we present nonrelativistic and relativistic core ab initio model potentials ͑AIMPs͒ and valence basis sets for La and the third-series transition metal elements. The relativistic AIMPs are derived from atomic Cowan-Griffin calculations; they are made of a spin-free part and a one-electron spin-orbit operator according to Wood and Boring. The core potentials correspond to the 62-electron core ͓Cd,4f ͔. The valence basis sets are optimized and spin-orbit corrected. We present monitoring spin-free calculations on the atoms, singly ionized ions and monohydrides of the ten elements, which show a good performance overall. A spin-free-state-shifted spin-orbit-configuration interaction calculation on Pt, which uses empirical spin-free data and which is expected to be essentially free from spin-free deficiencies, points out that the quality of the spin-orbit operators is very good.
I. INTRODUCTION
Effective core potential ͑ECP͒ methods are widely accepted as efficient tools for reducing the computational demands of molecular and solid state ab initio calculations without damaging the quality of the calculated valence properties.
1,2 ECP methods are especially indicated for the heavy elements of the Periodic Table, since they have a large number of core electrons which can be safely frozen and, in addition, they demand the consideration of relativistic effects, which can be handled with economy and precision by means of ECP methods. 3 In particular, several sets of ECPs exist for the third-series transition metal elements. Some of them are ultimately based upon the Phillips-Kleinman equation 4 and rely on the pseudo-orbital transformation that produces nodeless valence pseudo-orbitals; this is the case of the pseudopotentials produced by Bachelet et al., 5 Hay and Wadt, 6, 7 Ross et al., 8 and Andrae et al. 9 Some others are based on the Huzinaga-Cantu equation 10 and lead to valence orbitals with the same nodal structure as the all-electron orbitals; this is the case of the model potentials produced by Sakai et al. 11 Also based on the Huzinaga-Cantu equation, the ab initio model potential ͑AIMP͒ 12 method resulted from the implementation of two ideas which contrast with the basics of all the other ECP methods: ͑i͒ the core model potentials are obtained directly from the frozen core orbitals, without resorting to parametrization procedures based on the valence orbitals, and ͑ii͒ the components of the core model potentials must mimic the operators that they substitute as much as possible, while reducing the computing time. Accordingly, nonrelativistic AIMPs ͑NR-AIMP͒ and spin-free relativistic AIMPs derived from atomic Cowan-Griffin 13 calculations ͑CG-AIMP͒ have been produced and successfully monitored for the main-group elements, 12, 14, 15 and for the firstseries and second-series transition metal elements, 14, 16 ,17 but they are not available for the third-series transition metal elements. Along a parallel line, spin-free relativistic AIMPs aimed to be used with the no-pair Douglas-Kroll 18 Hamiltonian ͑NP-AIMP͒ have been produced for the third-series transition metal elements by Wittborn and Wahlgren, 19 as well as for the transition metal elements from Sc to Hg, altogether with optimized valence basis sets, by Rakowitz et al. 20 The ability of the spin-free CG-AIMPs to represent genuine relativistic effects in a consistent manner down to a group of the Periodic Table was shown in Ref. 15 . An extension of the CG-AIMP method to include spin-orbit effects according to Wood-Boring's ideas 21 was proposed and implemented ͑WB-AIMP͒, 22, 23 and the corresponding spinorbit operators and spin-orbit-corrected valence basis sets were produced for the main-group elements as well as for the first-and second-series transition metal elements. 23, 24 Also, a simple and efficient spin-free-state-shifting technique ͑sfss͒ was proposed to be used in spin-orbit-configuration interaction ͑CI͒ calculations in a basis of double-group symmetry adapted functions, as a practical means to decouple electron correlation and spin-orbit interactions, while including a significant amount of spin-orbit polarization. 25 The use of the sfss technique with empirical spin-free spectra allows us to perform spin-orbit-CI calculations, essentially free of deficiencies in the treatment of correlation, which are ideal for monitoring the quality of spin-orbit operators; sfss-spinorbit-CI calculations on Ir ϩ pointed out the very good quality of the WB-AIMP spin-orbit operators. 26 In this work, we produced the ingredients of nonrelativistic NR-AIMP and of relativistic spin-free CG-AIMP and spin-orbit WB-AIMP calculations for La and the third-series transition metal elements: core model potentials, spin-orbitcorrected valence basis sets, and spin-orbit operators. We a͒ Author to whom correspondence should be addressed. Electronic mail: luis.seijo@uam.es monitored their performance in spin-free calculations on the atoms, singly ionized ions, and monohydrides of the ten elements and in a spin-free-state-shifted spin-orbit CI calculation on the even spectrum of Pt. The overall quality of the results is good.
II. METHOD: MODEL POTENTIALS AND VALENCE BASIS SETS
The detailed procedures to follow in order to obtain the nonrelativistic AIMPs ͑NR-AIMP͒, the spin-free relativistic AIMPs derived from Cowan-Griffin atomic calculations ͑CG-AIMP͒, and the Wood-Boring one-electron spin-orbit operators which are added to the CG-AIMP Hamiltonian in order to produce the spin-dependent WB-AIMP Hamiltonian, as well as the corresponding valence basis sets, are fully described in Refs. 12, 17, and 23. Here we will only outline very briefly the procedure of the relativistic version.
A. WB-AIMP Hamiltonian
The 
with h CG-AIMP (i), the one-electron spin-free relativistic Cowan-Griffin ab initio model potential operator, defined by
͑3͒
The terms in Eq. ͑3͒ are the nonrelativistic kinetic energy operator and a sum over the atoms in the molecule, which includes the operators of the nuclear attraction, core Coulomb and exchange interactions, and mass velocity plus Darwin interactions, as well as a term resulting from the linearindependency conditions between core and valence orbitals. For each atom I, the first term is the nuclear attraction fully shielded by the core electrons and the rest are the AIMP terms. They are obtained as follows: A numerical all-electron spin-free relativistic Cowan-Griffin-Hartree-Fock calculation 13 is performed on a given state of atom I ͑usually the ground state, see Table II͒ . From this calculation, several atomic orbitals are arbitrarily chosen to be the core orbitals; they are represented by analytical Gaussian expansions which are obtained by a maximum overlap criterium 27 ( 1s -5s , 2p -4p , 3d -4d , and 4 f for the third-series transition metal elements in this paper, which we will call in short ͓Cd,4f ͔), and they and their orbital energies ( 1s -5s , 2p -4p , 3d -4d , 4 f ) are conveniently stored in libraries. With the core orbitals, the core Coulomb potential 2 ͚Ĵ c (r) is calculated, the nuclear attraction corresponding to the core electrons ϪZ core I /r is added to it (Ϫ62/r here͒, and the result is represented with a local potential 1/r ͚ k C k exp(Ϫ␣ k r 2 ) by means of a least-squares fitting and it is stored. This is the third term on the right hand side of Eq. ͑3͒. The mass-velocity and Darwin radial numerical operators of Cowan-Griffin ͑not to be confused with Pauli's mass velocity and Darwin operators͒ 13 which correspond to the valence orbitals are also stored ͓V MD,5p (r), V MD,5d (r) and V MD,6s (r), here͔. In a given atomic or molecular calculation, these scalar relativistic operators are added to the core exchange operator Ϫ͚K c and the result is spectrally represented in the space defined by the set of ͑Gaussian͒ primitive functions used for atom I, ͕ alm I ͖, which results in the fourth term on the right hand side of Eq. ͑3͒. 28 The last term on the right hand side of Eq. ͑3͒, which results from the linear-independency conditions between core and valence orbitals 10 is calculated with the core orbitals and orbital energies. All this defines the spin-free CG-AIMP Hamiltonian, which is obtained without resorting to any parametrization procedure based on the use of the valence orbitals.
The ingredients of the spin-free relativistic CG-AIMPs corresponding to the frozen-core ͓Cd,4f ͔ of the third-series transition metal elements have been produced in this work ͓͑Cd͔ frozen-core for La͒: The sets of ͕C k ,␣ k ͖ parameters, the core orbitals 1s -5s , 2p -4p , 3d -4d , 4 f , their orbital energies 1s -5s , 2p -4p , 3d -4d , 4 f , and the radial mass-velocity plus Darwin operators V MD,5p (r), V MD,5d (r) and V MD,6s (r). The corresponding nonrelativistic NR-AIMPs, which are necessary in order to study the size of the relativistic effects, have been produced as well ͑in this case the mass velocity and Darwin operators are suppressed͒. All these data are available from the authors. 29 Valence basis sets, Coulomb model potentials and core orbitals are presented in a PAPS document. 30 The spin-orbit contribution in Eq. ͑1͒ is
with the atomic one-electron spin-orbit terms, 
Herein, ␣ is the fine-structure constant, ⑀ nl are the orbital energies of the spin-free relativistic equations of Cowan and Griffin, and V(r) is an X␣ approximation to the HartreeFock ͑HF͒ one-electron potential. 13 This effective oneelectron spin-orbit operator includes an average of twoelectron contributions through the use of the X␣ HartreeFock potential V(r), although its detailed relationship to a mean-field spin-orbit operator is unknown. Also, an atomic scaling factor I is included in Eq. ͑5͒ which was first empirically parametrized 23 and later found to be unnecessary; 26 in consequence, we use I ϭ1. The ͕B k ,␤ k ͖ parameters for the third-series transition metal elements have been produced here and they are presented in Table I .
B. Spin-free-state-shifted WB-AIMP Hamiltonian
The spin-free relativistic H CG-AIMP Hamiltonian ͓Eq. ͑2͔͒ is used in standard nonrelativistic methods. The spindependent H WB-AIMP Hamiltonian ͓Eq. ͑1͔͒ is used in spinorbit CI calculations, e.g., in a basis of double-group symmetry-adapted functions with HF or complete active space self-consistent field ͑CASSCF͒ orbitals produced with the spin-free H CG-AIMP Hamiltonian. In order to treat electron correlation and spin-orbit interactions at the highest possible level, the sfss Hamiltonian H sfss WB-AIMP was introduced: 25, 26 H sfss
͑9͒
Here, P and G are two CI spaces of, respectively, small and large relative size; P is supposed to be good enough for the calculation of the spin-orbit couplings but not for the electron correlation effects, for which the much larger G space is necessary. ⌽ P (iSM S ⌫␥) are spin-free CI wave functions in the small space. GS refers to the ground state, but it can be any given spin-free state. This sfss Hamiltonian is a practical means to take advantage of the fact that electron correlation is handled with a much larger efficiency with spin-free Hamiltonians than with spin-dependent Hamiltonians. Its use is based on the assumption that correlation and spin-orbit can be decoupled to a large extent. A sfss spin-orbit calculation requires performing correlated spin-free calculations with the H CG-AIMP Hamiltonian using the G and P spaces and one final spin-orbit CI calculation with the H sfss WB-AIMP Hamiltonian using the P space. A P space made of the significant reference configurations plus single excitations which can partially take care of spin-orbit polarizations has been proven to be very efficient in Ir ϩ .
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C. Atomic valence basis sets
The H CG-AIMP Hamiltonian ͓Eq. ͑2͔͒ is used in atomic valence-only Hartree-Fock calculations and the valence basis sets ͑exponents and coefficients͒ are optimized by minimization of the valence SCF energy using standard allelectron methods. 32 The resulting valence atomic orbitals are spin-orbit corrected by changing the value of the innermost coefficient ͑and renormalizing͒ in such a way that the spinorbit valence orbital coupling constants ( 5p and 5d here͒ have the same value when they are evaluated using the numerical Cowan-Griffin-Hartree-Fock atomic orbitals and using the analytical spin-orbit-corrected valence orbitals. 23 This procedure has been shown to significantly improve the spin-orbit dependent properties at the same time that the quality of the bonding related properties is maintained. 23 Following this procedure, we obtained in this work the spinorbit-corrected relativistic valence basis sets for the thirdseries transition metal elements. We obtained as well the nonrelativistic ones. All of them are available from the authors. 29 The basis sets obtained in this work are minimal valence basis sets made of 13s9 p8d primitive Gaussian functions (13s9 p7d for La͒ contracted as ͓1/1/1͔. When they are used in atomic and molecular calculations their flexibility can be enhanced with the release of the outermost primitives and the addition of appropriate functions, such as polarization (p and f ) and diffuse (d) functions. Furthermore, artificial effects in molecules due to insufficient two-center orthogonality between the molecular orbitals and the 4 f core orbital of the transition metal elements can be eliminated by extending the valence basis set in molecular calculations with the fully contracted 4 f core orbital itself; 12 a single split of this orbital provides polarization of the 5d orbital and makes unnecessary the addition of polarization f functions. As we will see in Sec. IV, a recommended valence basis set results in s and d double-split, p single-split, the addition of one p-polarization primitive function ͑from Ref. 32͒, one diffuse d primitive function ͑from extrapolation of the lowest exponents͒, and the 4 f core orbital ͑a five-primitive con- 
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III. ATOMIC CALCULATIONS A. Spin-free calculations
In Table II we present spin-free relativistic CowanGriffin-Hartree-Fock valence energies and 5p, 5d and 6s orbital energies and radial expectation values of the thirdseries transition metal elements. We show the results of the CG-AIMP calculations corresponding to the uncorrected and the spin-orbit corrected valence basis sets, together with the all-electron numerical Cowan-Griffin-Hartree-Fock calculations. 13 We present as well the 5p and 5d spin-orbit coupling constants, defined as nl ϭ͗ nl ͉V SO,nl ͉ nl ͘; the allelectron numerical ones are calculated with the numerical spin-orbit operators ͓Eq. ͑7͔͒ and the CG-AIMP ones with the analytical approximations of them ͓Eq. ͑6͔͒. It is observed that the spin-orbit correction of the basis sets, designed to produce correct orbital spin-orbit coupling constants, significantly improves the expectation value of 1/r 3 , very much related to spin-orbit coupling, at a time that keeps essentially unaffected the orbital energies and the other radial expected values, which are bond-related properties. The overall agreement between the CG-AIMP results which use spin-orbit-corrected basis sets and the all-electron calculations is very good. We should note that, in contrast with pseudopotential methods, neither these properties nor the orbital shapes enter fitting procedures in the AIMP method; this agreement does simply reflect the facts that the model potentials efficiently mimic the operators substituted by them and that the valence basis sets are of good quality. A similar agreement is reached as well in the nonrelativistic case.
In Table III we present 6s→5d excitation energies and 6s ionization energies, calculated at the Hartree-Fock level, which are useful to compare AIMP and all-electron results. The all-electron calculations are numerical. The basis sets used in the AIMP calculations result in triple-s, single-p and double-d split of the atomic orbitals and the addition of one polarization p function 32 and one diffuse d function required for a proper description of the configurations with different 6s and 5d population 34 ͑obtained by extrapolation from the two outermost exponents͒. The contraction used in the AIMP calculations is ͓4/3/4͔ ͓͑4/3/3͔ for La upon single-d split only͒. Table III reveals that the deviations brought about by the AIMP approximations are small and that they are very similar in the nonrelativistic and in the spin-free relativistic calculations. The all-electron relativistic effects are, in consequence, very well reproduced in the AIMP calculations. The results of the spin-free relativistic Douglas-Kroll nopair calculations 18 on the 6s→5d excitation energies of Ref. Table III ; one can observe that the ability of the AIMP approach to mimic the all-electron ͑AE͒ results is similar in this case, too. Also, the results of spinfree relativistic approximations of Douglas-Kroll and Cowan-Griffin are remarkably close, both at the all-electron and at the AIMP levels.
have been included in
Once we know that the AIMP results resemble the AE ones within reasonable limits, and taking into account that electron correlation effects are necessary for a correct description of the atomic excitations under consideration, we performed CASSCF calculations 35 where the active orbital space included the 5d and 6s orbitals, followed by average coupled-pair functional ͑ACPF͒ calculations 36 in which the previous CASSCF space was used as a multireference for single and double excitations. In all these CASSCF and ACPF calculations, we double split rather than triple split the s atomic orbital and we augmented the basis set with the 4 f core orbital singly split, which resulted in a final contraction ͓3/3/4/2͔, except for La where a ͓3/3/3͔ contraction was used. In a first set of ACPF calculations labeled ACPF-ds, we correlated only the 5d and 6s electrons; in a second set labeled ACPF-͓p͔ds, we also allowed for single and double excitations from the 5 p closed shell. We performed all these calculations with the nonrelativistic and the spin-free relativistic Hamiltonians, NR-AIMP and CG-AIMP. The results are shown in Table IV . One can see that the correlation effects are significant in general. The relativistic effects are, however, crucial to reproduce the experimental values of these transitions. This is evident in Fig. 1 , where the overall good quality of the CG-AIMP ACPF-͓p͔ds results is also clear.
B. Spin-orbit calculations
A realistic check of the quality of any spin-orbit operator can only be achieved through calculations that do not show any deficiencies in the treatment of spin-free effects. In particular, contaminations associated with insufficient treatment of electron correlation must be avoided. Recent calculations of Ir ϩ ͑Ref. 26͒ have shown that electron correlation and spin-orbit effects can be effectively decoupled to a large extent by means of the spin-free-state-shifting technique ͓Eqs. ͑8͒ and ͑9͔͒ and pointed out an unambiguous, systematic way to ascertain the accuracy of any spin-orbit operator based on the use of spin-free empirical information 26 ͑or, alternatively, benchmark spin-free calculations͒. Here we monitored the quality of the spin-orbit operator of Pt accordingly, that is in a sfss-WB-AIMP multireference CI ͓MRCI͑S͔͒ spin-orbit calculation, as we describe next.
We used the H sfss WB-AIMP Hamiltonian ͓Eqs. ͑8͒ and ͑9͔͒ with empirical data for the spin-free spectrum E G (iS⌫) ϪE G (GS) in a spin-orbit MRCI͑S͒ calculation on the basis of double-group symmetry-adapted functions which resulted after allowing single excitations from a multireference made of the relevant configurations: 21 configurations corresponding to the distribution of ten electrons in the 5d and 6s orbitals. ͑The orbitals were optimized in CG-AIMP HF calculations on 5d 8 6s 2 Ϫ 3 F. We used D 2h double-group symmetry but obtained degeneracies with energy separations below 10 Ϫ6 hartree for the components of a given J quantum number.͒ In order to produce the empirical spin-free spectrum, we performed a generalized least-squares fitting of all the parameters in the interaction matrices to the experimental even spectrum of Pt ͑Ref. 37͒ using the programs of Cowan 38 and following the procedure described by Kleef and Metsch; 39 then, we diagonalized the interaction matrices which resulted from using all the spin-free parameters and setting all the spin-dependent ones to zero. The empirical spin-free spectrum that we obtained is shown in Table V . The results of the spin-free CG-AIMP MRCI͑S͒ calculation performed in the same CI space used in the corresponding spin-orbit MRCI͑S͒ and the corresponding shifting constants ␦(iS⌫) ͓Eq. ͑9͔͒ are also shown.
In Table VI we compare the results of the sfss-WB-AIMP MRCI͑S͒ spin-orbit calculation described above with the experiment. We can see that the quality of the results is very high, in line with what has already been observed in Ir ϩ . 26 This should be taken as an indication of two things: first, the quality of the spin-orbit operator is very high, and second, the spin-orbit and correlation effects can be decoupled to a large extent so that the latter can be handled in a separate spin-free calculation. We included in Table VI the results of an ͑unshifted͒ WB-AIMP MRCI͑SD͒ calculation, in which a much larger CI space including also double excitations from the same reference was used, 40 as well as the results of a Dirac-Hartree-Fock plus four-component CI ͑singles and doubles͒ calculation of Visscher et al. 41 of a comparable level in the treatment of correlation. The results of both of them are quite close and show a reasonable agreement with the experiment, but significantly poorer than the sfss-WB-AIMP MRCI͑S͒ calculation; what emerges from the comparison is that the main source of the deviations from the experiment in the two unshifted calculations is not the treatment of the spin-orbit effects but the treatment of the correlation effects, which indirectly contaminates the spinorbit splittings.
IV. MOLECULAR CALCULATIONS
A. Details of the calculations
In this section we present the results of monitoring molecular calculations on MH monohydrides of the third-series transition metal elements. We performed CASSCF calculations in which the outermost M-5d and M-6s electrons and the H-1s electron are distributed in all possible ways among the , Ј, Љ, and ␦ molecular orbitals with main character of the above mentioned atomic orbitals. Using the CASSCF molecular orbitals we performed two sets of ACPF calculations ͑multireference single and double CI with sizeconsistency corrections͒ 36 with the CASSCF multireference: ACPF-ds, with single and double excitations from the active molecular orbitals, and ACPF-͓p͔ds, in which we correlated as well the M-5p electrons by including all single and double excitations from the closed-shell of main character M-5p. Except when otherwise indicated, we have used for the metals the ͓3/3/4/2͔ valence basis set as explained below. For hydrogen, we used the ͓6s͔ set of Huzinaga 42 augmented with two p functions and contracted as ͓4/2͔. We calculated dissociation energies with separate atomic calculations on the ground states of H and M, at the same level of wave function and basis set as the corresponding molecular calculation.
B. Results
First, in order to decide upon a recommendable pattern of the valence basis set, we compare the spectroscopic constants of the 2 ⌺ ϩ state of PtH calculated with CASSCF wave functions at the all-electron and AIMP levels in Table VII . These calculations were done nonrelativistically since variational all-electron Cowan-Griffin calculations cannot be performed in molecules, but the conclusions might be safely extended to the spin-free relativistic case. The basis sets used for Pt in the valence-only NR-AIMP calculations are different contraction schemes of the 13s10p9d5 f primitive set described in Sec. II C and used in the CASSCF and ACPF calculations of Sec. III. The basis set used for Pt in the allelectron calculation was a 22s16p13d8 f primitive set of Faegri 43 augmented with the same p-polarization and d-diffuse functions as the valence-only calculation and contracted as ͓8/6/6/3͔. The basis set of hydrogen described above was used in all the calculations. We observe in Table  VII that the NR-AIMP calculation with the AE basis set produces results essentially coincident with the AE ones; this fact supports the chosen core-valence partition and proves the high quality of the core potentials. The use of the valence basis set with a contraction ͓3/3/4/2͔ leads to very good results; this contraction scheme reaches a good balance between the quality of the results and the economy of the calculations which are desirable when an ECP method is used and, in consequence, it is advisable. Besides, Table VII shows that if a larger agreement with the AE results is required, it can be accomplished by releasing the outermost primitives of the p, d, and s blocks ͑in this order͒. We will use a ͓3/3/4/2͔ contraction in the rest of the paper.
In order to check the ability of the present core potentials to represent relativistic effects in molecules of third-series transition metal elements, we performed nonrelativistic and relativistic calculations on the 2 ⌺ ϩ ground state of AuH ϩ . The relativistic effects on the bond distance are known to be very large in this molecule and coupled to the electron correlation effects: the bond shortening due to relativistic effects is about 1 Å at noncorrelated levels of calculation 44 and about 0.4 Å when correlation is also taken into account. 45 We show in Table VIII that the relativistic effects estimated from the CG-AIMP and NR-AIMP calculations reasonably agree with the results of noncorrelated Dirac-Fock and correlated no-pair spin-free relativistic all-electron calculations. In particular, the fact that the nonrelativistic potential energy curve of AuH ϩ ( 2 ⌺ ϩ ) is extremely flat while the relativistic one is not, which is the reason for the large relativistic effects on R e , is well reproduced by the AIMP calculations. The coupling between the spin-free relativistic and correlation effects is well reproduced too.
In Table IX we show the results of our CG-AIMP calculations on the MH hydrides ͑M being a transition element of the third series͒ together with the very scarce experimental information available and other theoretical calculations from the literature in which different valence-only and all-electron spin-free relativistic Hamiltonians were used. In order to summarize, we included only calculations that handled correlation effects at a level which could be compared with our calculations. Most of them are more or less equivalent to our ACPF-ds calculations. In Table IX , MCPF stands for modified coupled pair functional calculations, 46 an approximately size-consistent single-reference CI procedure. SOCI stands for second-order CI, which corresponds to single and double excitations from a CAS multireference and uses, in consequence, the same CI space as our ACPF-ds calculations. MRCI͑SD͒ϩQ stands for multireference CI with single and double excitations ͑a CI space equivalent to those of the SOCI and ACPF calculations͒ with the size-consistency correction of Langhoff and Davidson. 47 MP4͑SDTQ͒ stands for full fourth order Möller-Plesset perturbation theory calculations. CISD is singles and doubles CI with a size-consistency correction.
Our CASSCF, ACPF-ds and ACPF-͓p͔ds calculations along the series show a uniform, significant effect of the dynamical correlation of the d and s shells and a minor effect of the 5 p correlation, this being more important at the beginning of the series where the participation of the 5p orbital in bonding is expected to be higher. The comparison with 53 ( 3 ⌺ Ϫ ) at an equivalent level of correlation; the energy difference between the two states is, however, small.
V. CONCLUSIONS
We produced and monitored the quality of the ingredients of relativistic spin-free CG-AIMP and spin-orbit WB-AIMP calculations with La and third-series transition metal elements. Starting from atomic Cowan-Griffin calculations, we generated the spin-free relativistic core AIMPs which correspond to the 62-electron core ͓Cd,4f ͔. Of those elements, we obtained their spin-orbit operators and their corresponding optimized, spin-orbit-corrected valence basis sets. We produced, as well, the nonrelativistic AIMPs and valence basis sets, since they are necessary for the explicit calculation of the relativistic effects. Also, we performed monitoring spin-free calculations on the atoms, singly ionized ions, and monohydrides of the ten elements, which revealed the good quality of the AIMPs. Finally, we carried out a spin-free-state-shifted spin-orbit-CI calculation on the even spectrum of Pt which confirmed the conclusions of Ref.
26: The quality of the one-electron WB-AIMP spin-orbit operators is very high; thus, the quality of the spin-orbit splittings in WB-AIMP calculations is mainly limited by the treatment of the correlation effects, which can be handled at the spin-free level with standard ab initio techniques with a nonrelativistic structure.
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APPENDIX
The numerical all-electron atomic nonrelativistic Hartree-Fock and spin-free relativistic Cowan-GriffinHartree-Fock calculations necessary to produce the core orbitals have been performed with the program MCHF72. 54 The optimization of the valence basis sets has been carried out with a modified version of the program ABS 55 adapted to handle AIMP integrals. The spin-free CASSCF and ACPF calculations have been performed with the MOLCAS. 4 package. 28 We used a modified version of the COLUMBUS suite of programs 56 for the spin-orbit-CI calculations; the AIMP integrals are calculated with ECPAIMP 57 in this case. 
